Abstract-Realizing antenna arrays that preserve channel capacity in multiple-input multiple-output (MIMO) radio communications is a challenge because of the detrimental effects of mutual coupling. The fact that mutual coupling becomes more pronounced as antenna spacing decreases is therefore a critical issue with compact arrays used in portable MIMO radios. The contributions made in this paper include the realization of compact MIMO arrays designed to preserve channel capacity and the characterization of these compact arrays' performance in field measurements using MIMO radios. A multiport metric is used to characterize the compact arrays in a way that more appropriately measures array performance under MIMO signalling conditions than the traditional scattering matrix characterization. Field measurements show the extent and proportion of the effect that correlation and radiation efficiency have on MIMO channel capacity. The compact arrays' strong performance in field measurements is explained by their ability to preserve the MIMO channel's eigenstructure. Results also show that mutual coupling prevents channel capacity from scaling linearly with the number of antennas. Guidelines for compact MIMO array design are given with supporting results from field measurements.
parallel channels for communicating information. Correlation between the MIMO subchannels causes a loss of channel capacity relative to the i.i.d. Gaussian MIMO channel [3] , [4] . Mechanisms that cause subchannel correlation include poor diversity in the propagation multipath and mutual coupling of signals between elements of the antenna arrays [3] , [5] . Both propagation-induced correlation and coupling-induced correlation are dependent on array geometry and become more pronounced as the array's interelement spacing shrinks [6] , [7] . Subchannel correlation is therefore a critical issue in portable MIMO enabled devices where the antenna array must be shrunk into a volume whose dimensions are typically measured in fractions of the resonant wavelength. Theoretical work has shown that mutual coupling has a significant effect on MIMO channel capacity [8] [9] [10] [11] . The degree to which couplinginduced correlation degrades MIMO channel capacity depends on the multipath's angular power spectral density [8] . Another problem resulting from an increase in mutual coupling is the subsequent decrease of the array's radiation efficiency due to impedance mismatch [12] . Narrow-band methods for designing conjugate matching networks and load matching networks have been developed to combat coupling-induced correlation and impedance mismatch [13] [14] [15] . Though mathematically tractable, a matching network may be difficult to realize as a compact physical circuit. Still more difficult is the problem of designing and realizing matching networks for multiband and wide-band MIMO transceivers. This paper makes a study of compact MIMO arrays with two general contributions: i) realization of compact arrays that are designed to preserve MIMO channel capacity without the use of matching networks; ii) characterization of compact array performance by field measurements using MIMO radios. A summary of select prior studies relevant to this paper puts the current state of progress in perspective. Of the many studies reporting compact array designs, a fraction report measurements from fabricated arrays and fewer yet measure array performance in field measurements. Compact diversity arrays using a printed-inverted-F antenna (PIFA) have been reported [16] [17] [18] [19] [20] . These studies present array designs that demonstrate very good diversity performance in simulation and laboratory measurements. The arrays in [18] and [19] are similar to the two-element PIFA array used in this paper and in [20] but are twice as large (with respect to the resonant wavelength). Compact diversity arrays of three and four elements have also been reported [21] [22] [23] . With the exception of [20] , none of these studies reports the channel capacity achieved by the arrays in field measurements using MIMO radios. MIMO channel capacity field measurements using arrays with interelement spacings have been reported [24] [25] [26] . However, the radios used to make these measurements used time-multiplexed switching between single-port radios and multiport arrays. Uncorrelated phase noise across antennas in time-multiplexed measurements has been shown to result in optimistic channel capacity results [27] . Furthermore, to capture the effect that mutual coupling has in a MIMO link requires excitation of all transmit elements simultaneously and signal acquisition from all receiver elements simultaneously. Such a signal excitation and acquisition scheme is true to the actual signaling used in MIMO transceivers (hereafter termed true-MIMO). MIMO channel capacity has been characterized as a function of antenna array topology using true-MIMO testbeds [4] , [28] [29] [30] . However, the scope of the capacity results reported in these studies is limited to arrays with interelement spacings . Only one study is known to have measured the channel capacity achieved by a compact array using a true-MIMO testbed [20] . This study reported that the effect of mutual coupling on channel capacity for a 2 2 MIMO configuration was negligible when the compact array was paired a dipole array whose dipole spacing was . This conclusion is limited in scope because, as will be shown herein, 2 2 MIMO configurations are far more robust to the effects of mutual coupling than higher order MIMO configurations.
Compact MIMO array design and field testing are addressed in the proceeding sections as follows. A novel antenna design is proposed for use as the basic element for building compact arrays because of its low profile and robust performance in the presence of other nearby elements. Using this antenna, compact two-element and four-element arrays are designed and fabricated with form factors suitable for MIMO enabled portable devices. A multiport metric is used to characterize the arrays in a way that more accurately reflects performance under MIMO signaling conditions than the traditional scattering matrix characterization. The resulting arrays are extremely compact yet demonstrate acceptable mutual coupling and radiation efficiency. A field measurement methodology is then formulated so that a fair and meaningful characterization of MIMO array performance can be made. This methodology carefully addresses the issue of measurement normalization so that a comparison can be made between measurements taken in different propagation scenarios without masking the effect of mutual coupling on channel capacity. A statistical method is presented for quantifying how well an antenna array is able to interface with the channel's available multipath. This is done by characterizing the effect that the array has on the MIMO channel's underlying eigenstructure. An indoor measurement campaign was executed using a true-MIMO transceiver testbed outfitted with the compact arrays and dipole arrays. A comprehensive comparison is made of the channel capacity achieved by each of the compact arrays and dipole arrays across a variety of indoor propagation scenarios.
The remainder of this paper is organized as follows. Section II addresses the design and characterization of compact antennas in the context of MIMO communications. Section III addresses the mathematical framework and measurement methodology used to measure antenna array performance in MIMO field measurements. Results from the measurement campaign are presented in Section IV. A summary of major findings and contributions is given in Section V.
II. COMPACT ARRAY DESIGN
The first general contribution of this paper is the realization of compact antenna arrays that are designed to preserve MIMO channel capacity. This section first presents aspects of antenna array design as they relate to MIMO channels. A novel low profile antenna is proposed for use in constructing compact MIMO arrays. Compact arrays consisting of two and four elements are then designed and fabricated. A multiport metric is used to characterizing antenna array performance under MIMO signaling conditions. It will be shown that the proposed arrays are well suited for mobile MIMO terminals because of their low mutual coupling, good radiation efficiency, and compactness. Uniform linear arrays of dipoles are briefly discussed because of their use as reference arrays during field measurements.
A. MIMO Channels and MIMO Arrays
A recently proposed stochastic MIMO channel model characterizes subchannel correlation as being a joint function between the transmit and receive arrays [31] . This joint-correlation channel model has been verified to more accurately predict measured MIMO channel capacity than models which characterize correlation at the transmit and receive arrays independently (hereafter called marginal-correlation channel models) [32] . The fact that MIMO channel capacity is a function of the joint correlation between transmit and receive arrays suggests that antenna arrays designed to minimize correlation independently at either side of a MIMO link may not be sufficient to preserve the available channel capacity. This subtlety has been overlooked by studies using marginal-correlation channel models and one-sided-correlation channel models in which only one array is immersed in rich multipath. It has been shown that mutual coupling in an antenna array can decorrelate received signals by influencing the array's angle diversity and that this decorrelation gives a diversity gain for SIMO or MISO communications [33] , [34] . MIMO channel capacity computed by simulation using a marginal channel model may be greater if mutual coupling can be made to produce a decorrelating effect in each array independently [9] . However, these conclusions are not expected to hold for general MIMO channels for which joint decorrelation would be required to restore channel capacity.
In current array design paradigms, the interface between each array and the available multipath is constrained independently and without consideration for the effect on the other array's multipath interface. In the diversity-array paradigm, decorrelation is achieved independently at each side of the link by fixed orthogonal division of each array's radiation pattern in angle-space or polarization-space [35] . In the smart-antenna paradigm, each array matches its radiation pattern to the multipath it perceives alone. The joint relationship between a MIMO transmitter and receiver suggests a different approach for MIMO array design. The diversity-array design constraint cannot ensure that MIMO capacity is preserved because of the channel's joint-correlation nature. The smart-antenna constraint would result in a MIMO link that achieves the capacity available from only the strongest eigenchannel. Instead, a pair of arrays designed to preserve the available MIMO channel capacity are those that i) do not disturb the MIMO channel's inherent eigenstructure (eigenvalue distribution) and ii) permit eigenbeam pairs to be formed jointly and simultaneously for all min eigenchannels [36] . It would therefore seem that a necessary condition for preserving channel capacity would be to use arrays whose elements each interface independently and omnidirectionally with the joint angular spectra of any multipath realization.
B. Printed Inverted-F Antenna
A PIFA has a low profile, good radiation characteristics, and wide bandwidth [37] [38] [39] . This makes a PIFA an attractive choice for mobile devices in wide-band wireless systems. Another requirement of these systems is support for multiband operation. However, the higher order resonant frequencies of a standard PIFA design are not close to its fundamental resonant frequency and radiation efficiency at these frequencies may not be good. It has been shown that a PIFA can be made to resonate efficiently at a second nearby frequency by making a slot on the antenna body or by including a J-shape slot [40] [41] [42] . A novel triband PIFA was designed for use in portable MIMO enabled devices [43] . This design was first used in [20] . The triband PIFA antenna employs a quarter wavelength slot to provide a second resonant frequency and a J-shape slot to provide a third resonant frequency. The resulting PIFA has resonant frequencies at 2.45, 5.25, and 5.8 GHz with supporting bandwidths of 100, 200, and 150 MHz, respectively. A schematic of the lone PIFA on a ground plane is shown in Fig. 1(a) . Fig. 2 shows the measured reflection coefficient of the lone PIFA.
C. Compact PIFA Arrays
A PIFA is relatively robust to influence from another nearby PIFA because of the radiating element's low profile and prox- imity to the ground plane. This makes it an ideal candidate for use in compact array designs. A two-element array and a four-element array were fabricated using triband PIFAs. In the remainder of this paper, only the array characteristics for the 2.45 GHz resonant frequency are presented since the MIMO transceiver testbed into which these arrays were integrated operates in the 2.4-2.5 GHz band.
The fabricated two-element PIFA array is shown in Fig. 3 (b). A commercial 2.44 GHz wireless card with two-element diversity array is given in Fig. 3 lone PIFA on the ground plane. Fig. 5 shows the far-field patterns of a single PIFA on a ground plane in the presence of a second PIFA located 8 mm away on the ground plane and terminated by a 50 load. The far-field patterns are given for two elevation planes ( and ) and the azimuth plane . A comparison of Fig. 4 and Fig. 5 shows that there is relatively little change in the radiation pattern of a single PIFA due to the presence of a second nearby PIFA. According to the argument given in Section II-A, the nearly omnidirectional radiation patterns of the PIFA array elements are a necessary characteristic for preserving channel capacity.
Fig . 6 presents the measured scattering matrix of the dual element PIFA array as a function of frequency. The results at 2.45 GHz are indicative of an array with excellent return loss and isolation. The similarity in return loss of the lone PIFA ( Fig. 2) to that of the PIFA array indicates how robust this antenna design is to the presence of another nearby antenna. However, it has been shown that the diagonal elements of the scattering matrix, , are not a sufficient characterization of radiation effi- ciency for a multi-port antenna [44] . It is well known that mutual coupling causes some portion of the signal power within each element to be radiated and absorbed by the other elements and that this coupling is characterized by the off-diagonal elements, , of the scattering matrix. However, the combination of each antenna port's primary reflected signal with the coupled signals can be constructive or destructive depending on the phase of the component signals. Each antenna in a MIMO transceiver is subjected to signals whose harmonic components have a random phase. MIMO array efficiency is therefore a function of how randomly phased signals couple and combine. This behavior is not characterized by a s-matrix measurement. Instead, an array's Total Active Reflection Coefficient (TARC) can be used to give a more meaningful and complete characterization of array efficiency because TARC accounts for both coupling and random signal combining [44] . TARC is defined as the ratio of the square root of total reflected power divided by the square root of total incident power for a set of random excitation signals. The TARC can be calculated for a lossless -port antenna array with scattering parameter matrix, as
where is the incident signal vector with randomly phased elements and is the reflected signal vector. The TARC for a lossy antenna is given in [44] . TARC for an array has the same meaning as the return loss for a single antenna. For example, when 90% of the incident power radiates from the array and 10% is reflected/coupled back to the antenna ports, TARC is equal to 10 dB. An array's TARC is calculated by applying different combinations of excitation signals to each port. Each of the excitation signals has unity magnitude but a random initial phase. This random phasing of the excitation signals probes the array in ways that cause anything from constructive to destructive combining of coupled signals with the primary reflected signal. This excitation method more accurately simulates MIMO signaling than do the signals traditionally used in scattering matrix characterization. Note that signals combine in the linear scale (voltages) whereas the resulting power signal, used in computing TARC, is the squared magnitude of the voltage signals. Therefore, TARC may increase rapidly as the number of array elements increases. The TARC of the two-element PIFA array was calculated for a set of twenty excitation vectors and the results are presented in Fig. 7 . The worst case calculated TARC is lower than 9 dB. This result is indicative of an array with good efficiency across a range of possible MIMO signals.
The design for the two-element PIFA array was adapted to make a four-element array by using both sides of the ground plane. A schematic of the four element PIFA array is shown in Fig. 1(b) . Fig. 3(c) shows the top and bottom views of the fabricated four-element PIFA array. Two PIFAs are mounted above the ground plane and two are mounted directly below so that those above are mirrored across the ground plane by those below. PIFAs on the same side of the ground plane mirror each other as in the two-element PIFA array. Two RT-Duroid substrates are attached back-to-back to realize four microstrip lines to feed the array's elements. Pairs of elements in the four-element array have a maximum separation of 27 mm between their centers and a minimum separation of 8 mm . The volume occupied by the four-element PIFA array measures and is believed to be the smallest yet for a four-element array in its class. Due to the small distance between top and bottom elements, a higher level of mutual coupling can be expected between element pairs (1, 3) and (2, 4) . Fig. 8 shows one row of the scattering matrix of the four-element PIFA array. A marked but acceptable degradation is seen when comparing with the two-element array's return loss and isolation. However, as with the two-element array, the scattering matrix characterization is not a sufficient indicator of MIMO performance. The TARC of the four-element PIFA array was calculated and the result is presented in Fig. 9 . A comparison of the TARC in Fig. 7 and Fig. 9 shows that TARC increases rapidly with increasing number of elements. This loss of efficiency is an expected consequence of the increasing number mutual coupling interactions between more densely packed radiating elements. This also demonstrates how much more difficult it is to realize a compact array with four elements than it is to realize an array with just two elements.
D. Reference Dipole Arrays
A uniform linear array (ULA) of dipole antennas was used as a baseline array for providing a performance reference. These dipoles, shown in Fig. 3(a) , have resonant frequencies, polarization, and peak gain that closely match those of the PIFA. Each dipole measures 1.1 0.15 0.05 . Dipole arrays with antenna spacings of were used in this study. Two of these arrays are shown in Fig. 10 . The volume of a dipole ULA is 65 times greater than that of the four-element PIFA array's volume. The scattering parameters for the dipole arrays were measured for each antenna spacing. A subset of the s-parameter matrix for Table I . The dipole array's radiation efficiency is seen to generally degrade as decreases.
III. MIMO PERFORMANCE CHARACTERIZATION
The second general contribution of this paper is the characterization of compact array performance by field measurements using MIMO radios. This section addresses the system model and field measurement methodology used for making a fair and meaningful characterization of MIMO arrays. The necessary theoretical framework for computing ergodic MIMO capacity is presented first. The computation of ensemble average MIMO capacity from field measurements is considered next. Normalization of measured capacity is a critical issue when comparing measurements made with different arrays over a variety of propagation scenarios. This issue is addressed with particular care. A method for characterizing the MIMO channel's measured eigenvalue distributions is then presented. This characterization gives an indication of how well an antenna array interfaces with the available multipath by quantifying the change that the array induces in the MIMO channel's underlying eigenstructure. Finally, a description is given of the indoor measurement campaign using a true-MIMO testbed.
A. MIMO System Model
A narrow-band MIMO communications system is modeled as (2) where is the received signal vector, is the MIMO channel distortion matrix, is the transmitted signal vector, and is the additive noise vector introduced at the receiver. The following assumptions are made in order to compute channel capacity for this model. i) is a matrix of i.i.d. zero mean Gaussian random variables with variance . ii) is a vector of i.i.d. zero mean Gaussian random variables with variance . iii) The transmitter has a priori knowledge of channel statistics and the receiver knows . iv) The total transmit power is allocated uniformly to each transmit antenna as . Given this model and these assumptions, the average ergodic MIMO channel capacity (b/s/Hz) is computed as [1] ( 3) where is the statistical expectation taken over . The average signal-to-noise ratio (SNR) per receiver is (4)
B. Computing MIMO Capacity
A complementary approach to computing ergodic capacity has to be defined when computing MIMO capacity from field measurements. Let a realization of the channel at frequency and position be and time-invariant during the period of observation. The abbreviated notation will occasionally used to represent . For fixed transmit power and fixed receiver noise variance, the instantaneous channel capacity is computed as
Since the ergodic capacity is of primary interest, it will be estimated by computing the ensemble average channel capacity of the measured channels as follows. An estimate of the channel is computed from a measurement at position and frequency . This is repeated over uniformly spaced frequencies in the measurement band and over uniform grids of spatial positions at the transmitter and receiver locations. An estimate of the receiver noise variance is computed at the same time as the channel estimates. An appropriate method for estimating the channel coefficients and noise variance is given in [45] . The ensemble average channel capacity is finally computed as (6) The capacity computed in (6) is sensitive to channel correlation and array radiation efficiency by way of their effect on . It is critical that each measured channel matrix is not normalized as is typically done in MIMO channel sounding studies. Channel matrix normalization masks the effect that mutual coupling has on channel capacity. An appropriate normalization method is discussed in Section III-C.
The capacity of a MIMO system with dimensions lower than is computed from an measurement by choosing a subset of the elements of and reallocating power in the transmit antenna to keep the total transmit power constant. For example, a 4 4 measurement of is used to compute the channel capacity for the 3 3 case by choosing the submatrix of composed of the elements . The transmit power allocation is then recomputed, according to , so that a fair comparison of channel capacity can be made between the 4 4 and 3 3 cases.
C. Normalizing MIMO Capacity
A comparison of the MIMO capacity achieved by each type of array must be made using measurements from a variety of sites. To make a fair comparison, measured ensemble average channel capacity will be normalized as follows. A reference SNR measurement is made at each site using dipole ULAs with antenna spacings. Mutual coupling is assumed to have negligible effect on receiver SNR for such large spacings. The reference measurement is made using the same grid positions and frequencies used for all site measurements. A reference noise variance is computed as before while the reference channel variance is computed as
The normalized ensemble average channel capacity is then computed as (8) where is the i.i.d. Gaussian channel capacity corresponding to the reference SNR measurement and is computed by Monte Carlo simulation of the system defined in Section III-A. The computed reference channel capacity is assumed to be what could be achieved in the best case scenario of no mutual coupling and no channel correlation. This normalization is appropriate in the high SNR regime where MIMO capacity is dominated by the term in (3). The normalization removes site-specific SNR bias caused by large scale fading but does not hide the effect that mutual coupling has on channel capacity. This capacity normalization is a departure from the traditional method in which the measured channel matrices are normalized and SNR is scaled freely. Normalizing the channel before computing capacity masks the effect that mutual coupling has on array efficiency, receiver SNR, and MIMO channel capacity [11] .
D. Eigenchannel Characterization
The eigendecomposition of the Hermitian symmetric matrix yields (9) where is a unitary matrix whose columns are the eigenvectors of and is a diagonal matrix of the eigenvalues . Each eigenvector/eigenvalue pair describes a MIMO eigenchannel. The instantaneous MIMO capacity can be expressed in terms of the eigenvalues of as [1] 
where denotes the number of nonzero eigenvalues of . The relationship between the eigenvalues and channel capacity is most clearly seen in (10) . Each eigenvalue is a measure of the strength of the associated eigenchannel. The orthogonality of the eigen decomposition is what enables each of these eigenchannels to support independent information streams.
The distributions of the ordered eigenvalues measured with different arrays at the same measurement site can be compared to each other and to the distributions of the ordered eigenvalues of for an i.i.d Gaussian channel. Meaningful comparisons can be made when the distributions are computed as follows. Eigendecompositions are computed for a channel measurement set . The eigenvalues for each are ordered such that . The average channel gain is computed for the measurement set according to (11) The eigenvalue distributions for an i.i.d. Gaussian MIMO channel are computed by Monte Carlo simulation of the system described in Section III-A with . The resulting average channel gain of the i.i.d. Gaussian MIMO channel is . The set of measured eigenvalues is then normalized so that . The measured distributions of the ordered eigenvalues are then estimated by histogram. This normalization removes the radiation efficiency bias and large-scale fading bias but does not hide the effect that propagation-induced correlation or coupling-induced correlation have on the channel's eigenvalue distributions. Thus, comparisons of measurements made with different arrays at the same site (same propagation conditions) will reveal the extent to which mutual coupling in the array induces correlation in the channel. When correlation increases, the mean of the strongest eigenvalue's distribution increases while the means of the remaining eigenvalues decrease. Such a change in the channel's eigenstructure is a shift away from a MIMO channel that supports parallel independent information streams and toward a SISO channel that supports only one information stream.
E. Field Measurement Procedure
A measurement campaign was executed using a true-MIMO radio testbed that broadcasts a 16 MHz wide-band excitation signal at 2.49 GHz from all transmit antenna and captures the received signal simultaneously on all receive antenna [46] , [47] . The channel's coherence bandwidth at this frequency is less than 16 MHz for typical indoor environments. A space-frequency orthogonal multitone (SFOM) channel sounding scheme was used to measure and [45] . The number of tones per subchannel was . A complete calibration of each radio's gain, phase noise, complex spectrum, and frequency offset was performed prior to field measurements. Benchmark tests on an Elektrobit C8 MIMO channel emulator were performed to verify the testbed's calibration. These benchmarks included channel capacity measurements for a 2 2 i.i.d. Gaussian channel and a 2 2 fully correlated Gaussian channel, which produced results consistent with the ergodic channel capacity expected for i.i.d. Gaussian MIMO and Gaussian SISO channels, respectively.
The field measurements were performed in a multistory building whose floorplan included laboratories, classrooms, offices, and corridors. Two measurement sites were chosen: i) a laboratory with electronic equipment, cubicle partitions, and office furniture and ii) a very large empty hall with a few support columns and no furnishings. At each site, a line-of-sight (LOS) and a non-line-of-sight (NLOS) visibility scenario were chosen for placing the transmitter (TX) and receiver (RX) arrays. The TX-RX separation for the laboratory measurements was 10 m for both LOS and NLOS scenarios, whereas the TX-RX separations for the empty hall measurements were 13 and 28 m for the LOS and NLOS scenarios, respectively.
Robotic positioners made entirely from LEGO were used to move the transmitter and receiver antenna arrays parallel to the plane of the floor in a pattern defined by a 50 cm 60 cm grid of points. Grid point separation was and positioning precision was 1.59 mm. Antenna arrays were mounted on the positioners at a height of 1.3 m above the floor. The movement of the TX and RX positioners was synchronized so that they moved in unison over their identical grid patterns. The relative angle between the TX and RX array endfires ranged between 20 and 70 depending on the site. PIFA arrays were mounted with the ground plane parallel to the plane of the floor. Dipole arrays were mounted with the dipoles perpendicular to the plane of the floor. Measurements were taken first with the (TX array type, RX array type) pair being (type A, type B) and then repeated with the permuted array-pair assignment being (type B, type A). Array types included all dipole ULAs and the two compact PIFA arrays. A total of narrowband channel matrices were recorded for each array-pair at each of the four sites.
IV. MEASUREMENT CAMPAIGN RESULTS
This section presents results from an indoor measurement campaign using a true-MIMO transceiver testbed outfitted with the compact arrays and dipole arrays. Measured channel capacity results from one representative measurement site are presented to show the extent to which impedance mismatch and channel correlation affect SNR and channel capacity. Next, measured eigenvalue distributions from the same site are presented to show the extent to which mutual coupling affects an array's ability to preserve the MIMO channel's inherent eigenstructure. Finally, a comprehensive set of results is presented from all measurement locations, and a fair comparison of MIMO array performance is made between the compact MIMO arrays and the reference dipole arrays.
A. Channel Capacity Versus Array Aperture
Measurements were made using pairs of dipole ULAs with all combinations of antenna separation taken from the set 8 4 2 . Results showed the extent to which SNR and channel capacity vary as a function of antenna separation. As an example, Fig. 11 presents the measured MIMO channel capacity for three different combinations of ULA antenna separation in the Empty Hall NLOS scenario. Each point represents the average narrowband channel capacity computed according to the inner sum in (6) at a single position in the 11 9 grid of spatial samples. The ergodic MIMO capacities of i.i.d. Gaussian channels from (3) are plotted for reference. The ensemble average capacity of the 4 4 case is seen to drop from 33.5 to 27.0 to 22.3 b/s/Hz as first one array and then the other is compacted from to . Simultaneously, average SNR drops from 29.9 to 28.6 to 27.1 dB. The slight decrease in SNR is a symptom of increasing impedance mismatch between the arrays and the 50 radios. SNR degradation accounts for only 4 b/s/Hz of the total 11.2 b/s/Hz of lost capacity while the remainder is attributed to increased subchannel correlation. These trends were observed without exception for all measurement sites. While the trends are not unexpected, these are the first true-MIMO field measurements to show the extent and proportion of the effect that coupling-induced correlation and array efficiency have on channel capacity as antenna spacing decreases.
Another important observation from Fig. 11 is that the 2 2 case proves to be far more robust to shrinking of the array aperture than the 3 3 and 4 4 cases. Also, the 3 3 case is more robust than the 4 4 case. This is consistent with the discussion of TARC in Section II-C and confirms the earlier observation that the detrimental effect of mutual coupling on array efficiency compounds as the number of array elements increase. These results also show that MIMO capacity does not scale linearly as the number of transmit/receive antenna pairs increases when there is mutual coupling in one or both arrays. It has previously been shown that MIMO channel capacity does scale linearly in the number of antenna pairs despite propagation-induced correlation [48] . Nonlinear capacity scaling caused by mutual coupling will have to be accounted for in future MIMO channel models because of the serious consequences it carries for system performance.
B. Channel Eigenvalue Distributions
In the previous section, it was seen that the relationship between array aperture and channel capacity is a consequence of the combined effects of decreasing array efficiency and increasing channel correlation. The relationship between channel capacity and channel correlation alone can be observed from the effect that a shrinking array aperture has on the MIMO channel's eigenvalue distributions. As an example, Fig. 12 presents the measured ordered eigenvalue distributions for two different ULA apertures and for the four-element PIFA array in the Empty Hall NLOS scenario. These distributions are normalized as discussed in Section III-D. Each measured distribution is generated from a histogram of 4752 channel matrices over a 60 dB bin domain with a 0.5 dB bin spacing. The i.i.d. Gaussian MIMO channel's ordered eigenvalue distributions are shown for reference.
A comparison of Fig. 12 (a) and (b) shows that channel gain is redistributed from the weaker eigenvalues to the strongest eigenvalue when the receiver dipole arrays shrink from to . The channel is seen to collapse from a nearly i.i.d. Gaussian MIMO channel to a channel with a strong SISO characteristic. This same result was observed when shrinking the transmit array instead of the receive array. It is clear from (10) that the logarithmic increase in capacity due to the strengthening of the strongest eigenvalue does not compensate for the decrease in capacity due to a balanced weakening of the other eigenvalues. This result and those from Section IV-A demonstrate that minimizing array-induced correlation must be the highest priority when designing compact MIMO arrays. Fig. 12(c) shows results from the same measurement repeated with a four-element PIFA array replacing the dipole ULA. The eigenvalue distributions measured with the PIFA array are nearly as close to the ideal i.i.d. Gaussian channel's distributions as those of the dipole ULA. This is remarkable considering the much smaller aperture that the PIFA array has for interfacing with the available multipath. Two conclusions can be made. The first is that indoor multipath in a region as small as that occupied by the PIFA array is sufficiently rich to provide near i.i.d. Gaussian capacity for a 4 4 system. The second conclusion is more subtle. Mutual coupling in a compacted dipole ULA causes directionality in the elements' radiation patterns [34] . In contrast, the PIFA array's elements have relatively nondirectional radiation patterns. It can then be inferred that directionality in the compacted dipole array induces correlation in a channel that is otherwise i.i.d. Gaussian. Again, these trends were observed without exception for all measurement sites.
C. Performance Comparison of Arrays
Comprehensive results of MIMO array performance are presented in Fig. 13 . The ensemble average capacity associated with each type of array-pair was normalized according to the procedure described in Section III-C. The for each array configuration are averaged over all sites so that each datum in Fig. 13 represents the normalized ensemble average capacity of approximately 38 000 narrow-band MIMO channels. These data are therefore assumed to give a statistically significant characterization of each array's performance in a typical indoor environment. The SNR during all measurements was sufficiently high for the measurement system to be operating in the nearlinear region of the i.i.d. Gaussian capacity curves (see Fig. 11 ). The high SNR not only allows reliable channel estimates to be computed but also means that the capacity normalization assumptions made in Section III-C are appropriate. In what follows, it will be convenient to refer to the MIMO transceivers as Node 1 (N1) and Node 2 (N2) instead of as transmitter and receiver so that both permutations of the (type A, type B) arraypair can be discussed simultaneously.
A left-to-right interpretation of Fig. 13 shows how system performance changes when first shrinking one node's array aperture and then shrinking the other node's array aperture. The right-most data in the Fig. 13(a) are the same as the left-most data in Fig. 13(b) . The data at are the reference measurements described in Section III-B whose SNRs are used to compute the i.i.d. Gaussian capacities for data normalization. Fig. 13(b) shows how MIMO channel capacity is affected by a link where one node has a shrinking array aperture and the other node has a large fixed array aperture. This scenario is similar to MIMO system deployments with a base station that can support a large array and mobile devices that use compact arrays . The normalized capacity achieved by replacing Node 1's compacted dipole ULA with a two-element or a four-element PIFA array are shown at . The two-element PIFA array in a 2 2 MIMO configuration outperforms the smallest dipole array by 5.4%. The four-element PIFA array in 2 2, 3 3, and 4 4 MIMO configurations outperforms the smallest dipole array by 3.4%, 7.3%, and 7.9%, respectively. The PIFA arrays are seen to have an equivalent dipole ULA spacing in the 4 to 2 range. It would seem from Table I that a comparison of the two-element PIFA array and the dipole ULAs that a dipole array with would outperform the PIFA array. This contradiction is a clear example of why a scattering matrix measurement does not sufficiently characterize an array's performance under MIMO signaling conditions. Fig. 13(a) shows how MIMO channel capacity is affected by a link where one node has a shrinking array aperture and the other node has a compact array. This scenario examines how robust a compact array is to the performance of the other node's array. The two-element PIFA is clearly the most robust and shows only 4.4% degradation from to compared to approximately 10% degradation for the four-PIFA array and dipole ULAs. The two-element PIFA array's robustness is consistent with results presented in [20] . As discussed in Sections II-C and IV-B, the four-element PIFA suffers more from mutual coupling than the two-element PIFA. Even so, the four-element PIFA is seen to be consistently more robust to poor array performance at the other end of the link than the larger dipole ULAs.
V. CONCLUSION
This paper has presented a study of compact antenna arrays for MIMO radio communications with two general contributions: i) the realization of compact arrays that are designed to preserve MIMO channel capacity without the use of matching networks and ii) the characterization of compact array performance by field measurements using MIMO radios.
A novel PIFA design was proposed for use as the basic element for building compact arrays. Compact two-element and four-element PIFA arrays were designed and fabricated for use in MIMO enabled portable devices. These are believed to be the smallest MIMO arrays yet reported with wide-band support at three resonance frequencies. The PIFA's low profile and proximity to a ground plane makes it robust to the presence of other nearby radiating elements. This characteristic results in compact arrays that have inherently low mutual coupling. Furthermore, the nearly omnidirectional radiation patterns of the PIFA array elements provide an excellent MIMO interface to rich multipath propagation. A multiport metric was used to characterize the compact arrays. This metric more accurately characterizes array performance under MIMO signaling conditions than the traditional scattering matrix characterization. An example of the s-matrix characterization's shortcoming came from field measurements that showed a compact PIFA array outperformed a dipole ULA even though the dipole ULA had better s-matrix characteristics.
An indoor measurement campaign was executed using a true-MIMO transceiver testbed outfitted with compact PIFA arrays and dipole ULAs of various size. Details of the carefully designed campaign and data analysis method were presented. This method allowed a fair and meaningful comparison to be made of the MIMO performance achieved by the different array configurations across a variety of typical propagation scenarios. The results are the first to show the extent and proportion of the effects that coupling-induced correlation and radiation efficiency have on MIMO channel capacity when decreasing an array's antenna spacing below 2.
It was observed that MIMO capacity does not scale linearly with the number of transmit/receive antenna pairs when there is mutual coupling in one or both arrays. This result is consistent with the TARC analysis, which showed that the detrimental effect of mutual coupling on array efficiency compounds as the number of radiating elements increases-even when increasing the number of elements from two to four. This problem of di-minishing returns is a serious challenge to MIMO communications, which promises linear gains in capacity even in the presence of propagation-induced correlation.
An analysis of the MIMO channel's eigenvalue distributions lead to two conclusions. The first is that multipath in typical indoor scenarios is sufficiently rich to provide near i.i.d. Gaussian capacity for a 4 4 MIMO system when the volume occupied by the array is as small as 0.45 0.12 0.07 . The second is that directionality in an array's antenna radiation patterns causes subchannel correlation so that the channel's gain is redistributed from the weaker eigenvalues to the strongest eigenvalue with a subsequent net loss of channel capacity. The compact PIFA arrays preserved the i.i.d. Gaussian characteristic of the measured channel's eigenvalue distributions whereas the shrunken dipole ULAs did not.
Finally, a comprehensive comparison of the measured channel capacity from all measurement sites showed that the compact PIFA arrays were far better able to preserve the available MIMO channel capacity than a much larger dipole ULA. The two-element PIFA array provided exceptionally robust performance even when an array with strong mutual coupling was used at the other end of the link. The PIFA arrays demonstrate that good compact MIMO arrays can be realized without the use of matching networks.
